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LCAO-MO THEORY OF SOLIDS

Based on the energy band structure, the arrangement of electrons 
and forbidden bands, solid materials are classified into the following 
three categories:
(1) Conductors
(2) Insulators, and
(3) Semiconductors

Conductors
Materials which conduct electric current when a potential 
difference is applied across them are known as conductors. In case 
of a conductor, the valence band is completely filled, while the 
conduction band is half filled.

↿⇂

↿

Empty

EG

VB (FF)

CB (HF)

When a small potential 
difference is applied to a 
solid material, it provides 
sufficient energy to the 
electron in the valence 
band to shift to the 
conduction band, and 
hence conduct electricity.Fig. Conductor – Lithium Atom
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OFBAND THEORY
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CLASSIFICATION OF SOLIDS ON THE BASIS 

OFBAND THEORY
Insulators
✓ Solid materials which do not conduct electric current under 

normal conditions are known as insulators.
✓ In insulators, the valence band is completely filled and it has no 

electron in the conduction band. 
✓ Further, the forbidden energy gap will be very high when 

compared with a conductor.

VB (FF)

CB (HF)

✓ The energy required to shift an 
electron from the valence band to 
the conduction band in order make 
electrical conduction possible is 
very high. 

✓ Hence, it is not possible to 
provide enough energy by an 
ordinary electric field.

✓ However, one can achieve 
electrical conduction in an 
insulator with very high voltage 
known as breakdown voltage.

Fig. Energy bands in insulator
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CLASSIFICATION OF SOLIDS ON THE BASIS 
OFBAND THEORY

Semiconductors
✓ Semiconductors are materials whose electrical conductivity lies 

between that of conductors and insulators. 
✓ The conductivity of semiconductors is in the order of 104 to 10−4 

mho m −1.
✓ The magnitude of the forbidden energy gap of a semiconductor 

lies in between the forbidden energy gap of insulators and 
conductors

VB (FF)

CB (HF)

✓ Semiconducting materials are 
crystalline in nature. 

✓ Semiconducting material may be 
of elemental, compound or oxide.

✓ Silicone and germanium are 
elementals semiconductors.

✓ GaAs, CdS, etc., are compound 
semiconductors

✓ Bi3O3, Te2O3, ZnO, etc., are oxide 
semiconductors

Fig. Energy bands in semiconductors

       
       
         

Forbidden 
band

𝐸𝑔 ≃ 1 eVEnergy 
(eV)
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CLASSIFICATION OF SEMICONDUCTORS

Based on the concentration of electrons and holes in the materials, 
semiconductors are classified into two categories:

Semiconductors

Intrinsic Extrinsic

Elemental Compound

✓ Highly pure crystalline
✓ No impurity
✓ Low electrical 

conductivity

✓ Pure crystalline
✓ Trace impurity
✓ High electrical 

conductivity

✓ Single element of group IV 
elements

✓ Equal conc. of electrons and 
holes

✓ Fermi level is midway of CB & VB
✓ Si, Ge, etc.

✓ Two or more elements from 
different groups, such as IV-IV, 
III-V, II-VI and others 

✓ Constant proportion so that 
average valence 4. 

✓ GaAs, InP, InGaAs, AlInGaP, etc



16

PURE OR INTRINSIC SEMICONDUCTORS

⚫⚫ ⚫⚫
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Fig. Two-dimensional 
arrangement of atoms in 
silicon at T = 0 K

Energy 
(eV) Valence band (Filled)

Conduction band (Empty)

𝐸𝑔

Fig. Energy band diagram        
of silicon atoms at T = 0 K

✓ At 0 K, the VB is completely filled 
and there is no empty space in the 
VB. Therefore, electrons can not 
shift from the VB to the CB through 
the forbidden gap.

✓ The shifting electrons is not 
possible even for a large applied 
field strength at 0 K. 

✓ The material behaves as an insulator.
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PURE OR INTRINSIC SEMICONDUCTORS
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Fig. Two-dimensional 
arrangement of atoms in 
silicon at T > 0 K

Energy 
(eV)

CB

𝐸𝑔

Fig. Energy band diagram        
of silicon atoms at T > 0 K

➢ The thermal energy is sufficient to liberate an 
electron from the VB at RT

➢ When an electrical field is applied, the free 
electron acquires sufficient energy and shifts 
from the VB to the CB. This results in the 
creation of a hole in the VB

➢ The free electrons move in the CB, while the 
holes move in the VB..

➢ Due to the opposite charges, the movement of 
electrons and holes give rise to an electric 
current in the same direction.



⚫

VB
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EXTRINSIC SEMICONDUCTORS

✓ The application of intrinsic semiconductors is restricted due to its 
low conductivity. In electronic devices, high conducting 
semiconductors are more essential. The concentration of either 
electrons or holes in a semiconductor is essential. 

✓ The concentration of either electrons or holes in a semiconductor 
is increased depending upon the requirements in the electronic 
devices.

✓ This can be carried out simply by adding impurities (one atom in 107 
host atoms) to the intrinsic semiconductors. The process of adding 
impurity to the intrinsic semiconductors is known as doping. 

✓ The doped semiconductor is known as extrinsic semiconductor. The 
concentration of electrons and holes are not equal in an extrinsic 
semiconductor.

✓ Extrinsic semiconductors are classified into two categories based 
on the concentration of the charge carriers namely,

(1) n-type semiconductors, and

(2) p-type semiconductors
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N-TYPE SEMICONDUCTORS
✓ When a pentavalent atom such as As (Sb, Bi, 

P) is added as a dopant to the tetravalent Si 
atom, the As atom will occupy one site of the 
Si atom. 

✓ Thus, out of five free electrons in As, four 
electrons make covalent bonds with the four 
neighbouring Si atoms and the fifth one is 
loosely bound to the Si atom current in the 
same direction.

✓ The energy required to ionize the fifth 
electrons is very less and hence, the thermal 
energy of the material shifts the free 
electrons to the conduction band.

✓ Each arsenic atom contributes one free 
electron to the crystal and hence, it is called 
a donor impurity.

✓ In this type of semiconductor, the 
concentration of charge carriers (i.e., 
electrons) is more than that of holes. 

✓ Therefore, these semiconductors are called 
n-type semiconductors. In an n-type 
semiconductor, electrons are the majority 
current carriers while holes are the minority 
current carriers.

⚫⚫ ⚫⚫
⚫

⚫

⚫

⚫

As Si

Si

Si

Si
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Energy 
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CB

Fig. Doping in n-type semiconductors
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P-TYPE SEMICONDUCTORS
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Fig. Doping in p-type semiconductors

✓ When a trivalent atom such as In is added as 
a dopant to the tetravalent Si atom, the In 
atom will occupy one site of the Si atom. 

✓ The three valence electrons in indium make 
covalent bonds with the three neighbouring 
silicon atoms, whereas the fourth bond has an 
empty space known as hole due to the 
deficiency of one electron. 

✓ Therefore, when a trivalent atom is added to 
silicon, it creates a hole in the valence band. 
The dopant (indium) accepts an electron from 
the neighbouring silicon atom to form a 
covalent bond and hence, it is called an 
acceptor. 

✓ The hole in the valence band moves freely and 
hence, the current flows through the 
material. This type of electrical conduction 
will take place only when the dopant valency is 
less than that of the parent atom. Such 
semiconductors are called p-type 
semiconductors. 

✓ In a p-type semiconductor, holes are the 
majority current carrier and electron are the 
minority current carriers.

VB

        

Acceptor level
Fermi level
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DOPANT DISTRIBUTION INSIDE A 
PN JUNCTION

p>>n n>>p

excess electrons diffuse
to the p-type region

excess holes diffuse
to the n-type region
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n~0, and donor ions 
are exposed

Dopant distribution inside a 
pn junction

excess electrons diffuse
to the p-type region

excess holes diffuse
to the n-type region

DEPLETION REGION:

+
p~0, and acceptor 
ions are exposed

p>>n n>>p

+

+

+-

-

-

-
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VOLTAGE IN A PN JUNCTION

p>>n n>>p

+

+

+-

-

-

-
x

charge, (x)

x

x

electric field,
E(x)

voltage,
V(x)

+

~0.7 volts
  (for Si)

=

x

dxxxE
0

)(
1

)( 


−=

x
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0
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Zero Bias

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

~0.7 volts
  (for Si)

At zero bias (vD=0), very few electrons 
or holes can overcome this built-in 
voltage barrier of ~ 0.7 volts (and 
exactly balanced by diffusion) 
 → iD = 0
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Forward Bias

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

0.65 volts

As the bias (vD), increases toward 0.7V, 
more electrons and holes can overcome 
the built-in voltage barrier .→ iD > 0

vD

0.50 volts

0.0 volts
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Reverse Bias

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

-5 volts

As the bias (vD) becomes negative, 
the barrier becomes larger.  Only 
electrons and holes due to broken 
bonds contribute to the diode current.
 → iD = -Is

vD

0.0 volts

1/2Is

1/2Is

Is
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Breakdown

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

-50 volts

As the bias (vD) becomes very negative, the 
barrier becomes larger.  Free electrons and holes 
due to broken bonds are accelerated to high 
energy (>Eg) and break other covalent bonds – 
generating more electrons and holes (avalanche).

vD

0.0 volts

|I| >> Is

large reverse current
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Solar Cell (Photovoltaic)

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

~0.7 volts
  (for Si)

Light hitting the depletion region causes a 
covalent bond to break. The free electron and 
hole are pushed out of the depletion region by 
the built-in potential (0.7v).

Rload

light

Iph
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Light Emitting Diode (LED)

p>>n n>>p

+

+

+-

-

-

x
voltage,
V(x)

2.0 volts

In forward bias, an electron and hole 
collide and self-annihilate in the 
depletion region.  A photon with the gap 
energy is emitted.  Only occurs in some 
materials (not silicon).

vD

1.5 volts

0.0 volts

photon
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PHOTOCONDUCTOR

What is Photoconductivity?

✓ Photoconductivity is an optical and electrical 
phenomenon in which a material becomes more 
electrically conductive due to the absorption of 
electromagnetic radiation such as visible light, 
ultraviolet light, infrared light, or gamma radiation.

How does photoconductivity occurs?

✓ When light is absorbed by a material such as a 
semiconductor, the number of electron hole pairs 
increases resulting in the increase in the number of 
charge carriers and raises its electrical 
conductivity. 
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PHOTOCONDUCTOR

Fig. Semiconductor material electron-hole pair
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PHOTOCONDUCTOR

When Photoconductivity occurs?

✓ To cause excitation, the photon(hv) that strikes the 
semiconductor must have enough energy to raise 
electrons across the band gap, or to excite the 
impurities within the band gap(Eg)

✓ If Eg be the minimum band gap, then the longest 
wavelength which may cause this effect is

𝜆 =
ℎ𝑐

𝐸𝑔

✓ In a homogeneous material, the increase in 
conductivity when exposed to electromagnetic 
waves is 

Δ𝜎 = 𝑒(Δ𝑛 ⋅ 𝜇𝑛 + Δ𝑝 ⋅ 𝜇𝑝)
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PHOTOCONDUCTOR

What are Characteristic Parameters ?

(1) Photoresponsivity

𝑅 =
Photocurrent, 𝑖𝑝

Incident optical power, 𝑃𝑜𝑝𝑡

= 𝜂
𝜆(𝜇𝑚)

1.24

𝜏

𝑡
 

where, 𝜂 is the quantum efficiency =
No. of electrons produced

No. of incident photons

 𝜆 is the wavelength of incident photon (𝜇m)
 𝜏 is the carrier recombination time
 𝑡 is the carrier transit time

𝜏

𝑡
 is called Photoconductive Gain, 𝐺 =

𝜏𝑒 𝜇𝑒+𝜇𝑝 𝑉

𝐿
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PHOTOCONDUCTOR

(2) Spectral response

✓ The variation of 
photoconductivity with photon 
energy is known as spectral 
response.

✓ The maximum value of 
photocurrent corresponds to 
band gap energy and spectral 
response.

✓ The energy ranges from 3.7 eV 
for ZnS to 0.2 eV for cooled 
PbSe.

What are Characteristic Parameters ?

Fig. Spectral response for 
photoconducting materials
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PHOTOCONDUCTOR

(3) Speed of photoresponsivity

✓ It is the rate of the change in photoconductivity 
with change in photo excitation intensity.

✓ For materials with exponential decay, the 
photocurrent reaches the dark current very quickly.

✓ For materials with non exponential decay ,the decay 
of photocurrent takes a longer time to reach dark 
current.

What are Characteristic Parameters ?
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PHOTOCONDUCTOR

The desired characteristics are

✓ High spectral sensitivity in the wavelength 
region of interest

✓ Higher quantum efficiency

✓ Higher photoconductive gain

✓ Higher speed of response and 

✓ lesser noise

Photoconductive Materials
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PHOTOCONDUCTOR

Photoconductive Materials

Material Symbol Detection Range (μm)

Lead sulphide Pbs 0.6-3.0

Indium Antimony InSb 1.0-7.0

Mercury-doped 
Germanium

Ge:Hg 2.0-13

Cadmium mercury 
telluride

CdHgTe 3.0-15

Copper-doped 
germanium

Ge:Cu 2.0-2.5

Cadmium sulphide CdS 0.4-0.8

Cadmium selenide CdSe 0.5-0.9
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SUPERCONDUCTOR
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SUPERCONDUCTOR

Discovery of superconductivity
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SUPERCONDUCTOR

Discovery of superconductivity
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SUPERCONDUCTOR

Properties of superconductivity
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SUPERCONDUCTOR

Properties of superconductivity
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SUPERCONDUCTOR

Properties of superconductivity
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SUPERCONDUCTOR

Properties of superconductivity
Meissner effect: The complete expulsion of magnetic field 
by a superconducting material is called Meissner effect.
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SUPERCONDUCTOR

Classification of superconductivity
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SUPERCONDUCTOR

Classification of superconductivity
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SUPERCONDUCTOR

Classification of superconductivity
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SUPERCONDUCTOR

BARDEEN, COOPER AND SCHRIEFFER (BCS) THEORY of superconductivity
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SUPERCONDUCTOR

BARDEEN, COOPER AND SCHRIEFFER (BCS) THEORY of superconductivity
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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MAGNETIC PROPERTIES
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OPTICAL PROPERTIES
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Luminescence
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LASER
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LASER
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Parts of a photocopier
A typical photocopier (also casually known as a ‘xerox machine’) 

consists of the following components:
✓ A photoreceptor drum (or belt), which is covered by a layer of a 

semiconductor material, such as selenium, silicon or germanium. 

This is arguably the most critical part of the machine.
✓ A toner, which is basically just pigmented liquid. Sometimes 

referred to as ‘dry ink’, a toner is a dry mixture of fine, negatively-

charged plastic particles and coloring agents that create the 

duplicate image on a piece of paper.
✓ Corona wires, which when subjected to a high voltage, transfer a 

field of positive charge to the surface of the photoreceptor drum and 

the copy paper.
✓ A light source and a few lenses, which shine a bright beam of light 

on the original document and focus a copy of the image onto a 

specific place, respectively.

✓ A fuser can be considered the ‘final’ main component of a 

photocopier, as a fuser unit melts and presses the toner image onto 

the copy paper and imparts the final touches to the duplicate image 

just before it’s ejected from the machine.
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•Charge. Inside every copier and laser printer is a light-sensitive surface called a photoreceptor. It consists of a thin layer of 
photoconductive material that is applied to a flexible belt or drum. The photoreceptor is insulating in the dark, but becomes 
conducting when it is exposed to light. It is charged in the dark by applying a high DC voltage to adjacent wires, which produces 
an intense electric field near the wires that causes the air molecules to ionize. Ions of the same polarity as the voltage on the wires 
deposit on the photoreceptor's surface, creating an electric field across it.
•

Expose. In a digital copier or printer, the image is exposed on the photoreceptor with a scanning modulated laser or a light-
emitting-diode image bar. In older analog copiers, reflected light from an illuminated image is projected onto the photoreceptor. 
In either case, the areas of the photoreceptor exposed to light are selectively discharged, causing a reduction in the electric field. 
The darker areas retain their charge.
•

Develop. Pigmented powder used to develop the image is called toner. Toner particles made of colorant and plastic resin have 
precisely controlled electrostatic properties and range from about five to 10 micrometers in diameter. They are mixed with and 
charged by magnetized carrier beads that transport them to the development zone. The particles are charged by the phenomenon 
of triboelectricity (often referred to as static electricity). The electric field associated with the charge pattern of the image on the 
photoreceptor exerts an electrostatic force on the charged toner, which adheres to the image. A color document is formed by a 
printer with four separate xerographic units that create and develop separate cyan, magenta, yellow and black images. The 
superposition of these powder images produces full-color documents.
•

Transfer. The powder image is transferred from the photoreceptor onto paper by bringing the paper in contact with the toner 
and then applying a charge with polarity opposite to that of the toner. The charge must be strong enough to overcome the 
powders adhesion to the photoreceptor. A second precisely controlled charge releases the paper, now containing the image, from 
the photoreceptor.
•

Fuse. In the fusing process, the toner comprising the image is melted and bonded to the paper. This is accomplished by passing 
the paper through a pair of rollers. A heated roll melts the toner, which is fused to the paper with the aid of pressure from the 
second roll.
•

Clean. Toner transfer from the photoreceptor to the paper is not 100 percent efficient, and residual toner must be removed from 
the photoreceptor before the next print cycle. Most medium- and high-speed copiers and printers accomplish this with a rotating 
brush cleaner.

Xerography is a unique process that depends on chemical, electrical, mechanical and software know-how. The rap
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OPTICAL PROPERTIES
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OPTICAL PROPERTIES
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OPTICAL PROPERTIES
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OPTICAL PROPERTIES
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OPTICAL PROPERTIES
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LUMINESCENCE
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